How do cells and nature 'compute'? They read and 'rewrite' DNA all the time, by processes that modify sequences at the DNA or RNA level. In 1994, Adleman's elegant solution to a seven-city directed Hamiltonian path problem using DNA launched the new field of DNA computing, which in a few years has grown to international scope. However, unknown to this field, two ciliated protozoans of the genus Oxytricha had solved a potentially harder problem using DNA several million years earlier. The solution to this problem, which occurs during the process of gene unscrambling, represents one of nature's ingenious solutions to the problem of the creation of genes. RNA editing, which can also be viewed as a computational process, offers a second algorithm for the construction of functional genes from encrypted pieces of the genome.
Introduction
Ciliates are a diverse group of 8000 or more unicellular eukaryotes (nucleated cells) named for their wisp-like covering of cilia. They possess two types of nuclei: an active macronucleus (soma) and a functionally inert micronucleus (germline), which contribute only to sexual reproduction. The somatically active macronucleus forms from the germline micronucleus after sexual reproduction, during the course of development. The genomic copies of some protein-coding genes in the micronucleus of hypotrichous ciliates are obscured by the presence of intervening non-protein-coding DNA sequence elements (internally eliminated sequences or IESs). These must be removed before the assembly of a functional copy of the gene in the somatic macronucleus. Furthermore, the protein-coding DNA segments (macronuclear destined sequences or MDSs) in Oxytricha species are sometimes present in a permuted order relative to their final position in the macronuclear copy. For example, in O. no6a, the micronuclear copy of three genes (Actin I, a-telomere binding protein, and DNA polymerase a) must be re- 1.4 introduces a formal model of gene unscrambling. (Adleman's algorithm involves the use of edge-encoding sequences as splints to connect city-encoding sequences, allowing the formation of all possible paths through the graph (Fig. 1) . Afterwards, a screening process eliminates the paths that are not Hamiltonian, i.e. ones which either skip a city, enter a city twice, or do not start and end in the correct origin and final destinations.)
The developing ciliate macronuclear 'computer' (Figs. 2 and 3) apparently relies on the information contained in short repeat sequences to act as guides in a series of homologous recombination events (Table 1) . These guide sequences provide the splints analogous to the edges in Adleman's graph, and the process of recombination results in linking the protein-encoding segments (MDSs, or 'cities') that belong next to each other in the final protein coding sequence ('Hamiltonian path'). As such, the unscrambling of sequences that encode DNA polymerase a accomplishes an astounding feat of cellular computation, especially as 50-city Hamiltonian path problems are often considered hard problems in computer science and present a formidable challenge to a biological computer. Other structural components of the ciliate chromatin presumably play a significant role, but the exact details of the mechanism are still unknown. ordered and intervening DNA sequences removed in order to construct functional macronuclear genes. Most impressively, the gene encoding DNA polymerase a (DNA pol a) in O. trifallax is apparently scrabled in 50 or more pieces in its germline nucleus (Hoffman and Prescott, 1997) . Destined to unscramble its micronuclear genes by putting the pieces together again, O. trifallax routinely solves a potentially complicated computational problem when rewriting its genomic sequences to form the macronuclear copies.
This process of unscrambling bears a remarkable resemblance to the DNA algorithm used by Adleman (1994) to solve a seven-city instance of the Directed Hamiltonian Path problem. Section (Lynn and Corliss, 1991) requires the joining of many segments of DNA guided by short sequence repeats, only at the ends. Telomeres, indicated by thicker lines, mark the termini of correctly assembled gene-sized chromosomes. Note the striking similarities to DNA computations that specifically rely on pairing of short repeats at the ends of DNA fragments, as in the experiment of Adleman (1994).
The path towards unscrambling
Typical IES excision in ciliates involves the removal of short (14 600 bp) A -T rich sequences, often released as circular DNA molecules (Tausta and Klobutcher, 1989) . The choice of which sequences to remove appears to be minimally 'guided' by recombination between direct repeats of only 2-14 bp (Table 1) .
Unscrambling is a particular type of IES removal in which the order of the MDSs in the MIC is often radically different from that in the MAC. For example, in the micronuclear genome of Oxytricha no6a, the MDSs of a-telomere binding protein (a-TP) are arranged in the cryptic order 1-3-5-7-9-11-2-4-6-8-10-12-13-14 relative to their position in the 'clear' macronuclear sequence 1-2-3-4-5-6-7-8-9-10-11-12-13 -14. This particular arrangement predicts a spiral mechanism in the path of unscrambling, which links odd and even segments in order ( Fig.  4 ; Mitcham et al., 1992) .
Homologous recombination between identical short sequences at appropriate MDS -IES junctions is implicated in the mechanism of gene unscrambling, as it could simultaneously remove the IESs and reorder the MDSs. For example, the DNA sequence present at the junction between MDS n and the downstream IES is generally the same as the sequence between MDS n+ 1 and its upstream IES, leading to correct ligation of MDS n to MDS n + 1 over a distance (Table 1) . However, the presence of such short repeats (average length four bp between non-scrambled MDSs, nine bp between scrambled MDSs (Prescott and Dubois, 1996) ) suggests that although these guides are necessary, they are certainly not sufficient to guide accurate splicing. Hence, it is likely that the repeats satisfy more of a structural requirement for MDS splicing, and less of a role in substrate recognition. Otherwise, incorrectly spliced sequences (the results of promiscuous recombination) would dominate, especially in the case of very small (2-4 bp) repeats that would be present thousands of times throughout the genome. This incorrect hybridization could be a driving force in the production of newly scrambled patterns in evolution. However during macronuclear development only unscrambled molecules that contain 5% and 3% telomere addition sequences would be selectively retained in the macronucleus, ensuring that most promiscuously ordered genes would be lost. 
Telomere addition site 51 AT * The number of occurrences of di-and trinucleotides was not determined since they would be extremely represented in any gene sequence. Note the values shown in this column only represent the number of occurrences of these sequence motifs in the macronuclear copy of the gene. There are also several occurrences of these repeats throughout the non-coding portion of the micronuclear copy of this gene as well as throughout the entire genome; each such occurrence offers the opportunity for incorrect pairing, which would lead to the production of 'dead-end' copies of the gene. These would, however, be unlikely to contain telomere addition sequences at both ends. Junction sequences for MDSs 32-36 and 44-49 are unknown because of missing micronuclear sequence data. polymerase a has at least 44 MDSs in O. no6a and 51 in O. trifallax (Table 1) , scrambled in a nonrandom order with an inversion in the middle, and some MDSs located at least several kb away from the main gene (in an unmapped PCR fragment). The resulting hairpin structural constraint predicted in Fig. 5 equips the ciliate with a dramatic shortcut to finding the correct solution to its DNA polymerase a unscrambling problem.
Figs. 5 and 6 outline a model for the origin and accumulation of scrambled MDSs. The appearance of an inversion is likely to encourage the formation of new MDSs in a nonrandomly scrambled pattern. By Muller's Ratchet, an inversion makes the addition of new MDSs much more likely, given that the hairpin structure, which juxtaposes coding and non-coding DNA sequences, would promote recombination, possibly between short arbitrary repeats. For example, the arrangement of MDSs 2, 6 and 10 in O. no6a could have given rise to the arrangement of eight new MDSs in O. trifallax (Fig. 5) .
We have recently discovered scrambling in the gene encoding DNA polymerase a in the micronucleus of a different ciliate, Stylonychia lemnae, which enjoys the benefit of a working transfection system (Wen et al., 1996) . The scrambled gene in S. lemnae appears to share the presence of an inversion with the two Oxytricha species. These scrambled genes in ciliates thus offer a unique system in which to study the origin of a complex genetic mechanism and the role of inversions as catalysts of acrobatic DNA rearrangements during evolution (Fig. 6) . DNA polymerase a's complex scrambling pattern is possibly the best analog equivalent of a hard path finding problem in nature. Alternate splicing at the RNA level, as well as other forms of programmed DNA rearrangements, could also be viewed as solutions to path finding problems in nature. Dynamic processes, such as maturation of the immune response, provide examples of genuine evolutionary computation in cells, whereas the path finding problems here may follow a more deterministic algorithm. Current effort is directed toward (1) recoding DNA in the laboratory and (2) understanding how cells unscramble DNA, how this process has arisen, and how the 'programs' are (13) (14) (15) in O. trifallax, one scrambled on the inverted strand, by two spontaneous intramolecular recombination events ( × s) in the folded orientation shown. O. no6a MDS 6 can give rise to O. trifallax MDSs 7-9 (MDS 8, shaded, is only 6 bp and was not identified in (Hoffman and Prescott, 1997) ). O. trifallax non-scrambled MDSs 2 and 3 could be generated by the insertion of an IES in O. no6a MDS 2 (similar to a model suggested by M. DuBois in Hoffman and Prescott, 1997).
In6ersions as catalysts of DNA rearrangements
The micronuclear actin I gene has a scrambled MDS order 3-4-6-5-7-9-2-1-8 in O. no6a, with MDS 2 inverted (present on the opposite strand and in the opposite direction) relative to the others (Dubois and Prescott, 1995) . DNA written and executed. Do they decode the message by following the shortest unscrambling path or by following a more circuitous but equally effective route, as in the case of RNA editing (below)? Also, how error prone is the unscrambling process? Does it actually search through several plausible unscrambled intermediates or follow a strictly deterministic pathway? The isolation of functional nucleic acid molecules, such as RNA catalysts (ribozymes), from large pools of random sequence offers yet a different paradigm for molecular computation (Bartel and Szostak, 1993; Landweber, 1997) .
The formal model
Before introducing the formal model, we summarize our notation. An alphabet S is a finite, non-empty set. In our case S ={A, C, G, T}. A sequence of letters from S is called a string (word) over S and in our interpretation corresponds to a linear strand. The words are denoted by lowercase letters such as u, 6, h i , x ij . A word that has no letters in it is called an empty word. The set of all possible words consisting of letters from S is denoted by S*. We also define circular words over S by declaring two words to be equivalent if and only if one is a cyclic permutation of the other. In other words, w is equivalent to w% if and only if they can be factored as w= u6 and w%= 6u, respectively. We denote a representative of the equivalence class of w by w. Such a circular word w refers to any of the circular permutations of the letters in w.
With this notation, we introduce two operations that model the processes that occur during the homologous recombination.
Operation (1), intramolecular recombination, is unary:
where u, w, x and 6 are words in S*, and x is non-empty. Here '+ ' is interpreted as the union of the two resulting strands.
Operation (1) is reversible. Note that op1 in the forward direction is formally intramolecular recombination, whereas op1 in the reverse direction is intermolecular recombination.
Thus, operation (1) models the process of intramolecular recombination that occurs during unscrambling of the gene. x is a repeated sequence that guides the homologous recombination. After x finds its second occurrence in uxwx6, the molecule undergoes a strand exchange in x that leads to the formation of two new molecules: ux6 and a circular DNA molecule wx.
Operation (1) also accomplishes the deletion of either sequence wx or xw from the original molecule uxwx6. The fact that wx is circular implies that we can use any circular permutation of its sequence as an input for a subsequent operation.
Operation (1 ) is also unary:
Operation (1 ) is similar to op1, the only difference in that the input is circular, which results in the output of two circular strands. Like op1, op1 is reversible.
Operation (2), intermolecular recombination, is binary:
where u, x, 6, u%, 6% are words in S*, and x is non-empty. Operation 2 is also reversible.
Operation (2) models most processes of intermolecular recombination. Given two molecules ux6 and u%x6%, both of which contain a homologous (identical) subsequence x, the molecules undergo a strand exchange (homologous recombination) in x that leads to the formation of molecules ux6% and u%x6. This operation effectively rewrites the input sequences, for example by replacing the suffix 6 from ux6 with 6%, a process analogous to trans-splicing (Sullenger and Cech, 1994) .
Note that each operation and its reverse conserves the number of 'ends' (a linear strand has two ends while a circular strand has none). Having defined the operations modeling intra-and intermolecular recombinations, we now remark that the recombination events predicted to occur during gene unscrambling are capable of generating a variety of products. These include the production of one circular output strand from two circular inputs, and vice versa (by op1 and its reverse), the generation of both a linear and a circular output strand from one linear input strand (by op1), the generation of a linear strand by the combination of a linear and circular input (by reversed op1), and finally the generation of two recombined linear output strands from two linear input strands (by op2 and its reverse).
These operations resemble the splicing operation introduced by Head (1987) as a model of DNA recombination and the splicing on circular strands studied by Siromoney et al. (1992) and Pixton (1995) . Paun (1995) and Csuhaj-Varju et al. (1996) subsequently showed that this model has the computational power of a universal Turing Machine.
The process of gene unscrambling entails a series of successive or possibly simultaneous intraand intermolecular homologous recombination events. This is followed by the excision of all sequences~sy~e, where the sequence y is marked by the presence of~s, a telomere 'start' (at its 5% end), and~e, a telomere 'end' (at its 3% end). Thus, from a long sequence u~sy~e6, this step retains only~sy~e in the macronucleus. Lastly, the enzyme telomerase extends the length of the telomeric sequences (usually double-stranded {TTTTGGGG} n repeats in these organisms) from the 'telomere addition sequences',~s and~e, to protect the ends of the DNA molecule; however the telomere addition step is not present in our formal model.
We now make the assumption that, by a clever structural alignment, such as the one depicted in Fig. 4 , and numerous other biological factors, the cell decides which sequences are non-protein-coding (IESs) and which are ultimately protein-coding (MDSs), as well as which sequences x guide homologous recombination. Moreover, such biological shortcuts are presumably essential to bring into proximity the guiding sequences x.
Each MDS, denoted primarily by h i , 1B iB n (where n is the number of pieces sparsely present in the micronucleus that assemble to form the functional gene in the macronucleus) is flanked by the guiding sequences x i − 1,i and x i,i + 1 . Each guiding sequence points to the MDS that should precede or follow h i in the final sequence. The only exceptions are h 1 , which is preceded by~s, and h n which is followed by~e ( Table 1 ). Note that although present generally once in the final macronuclear copy, each x i,i + 1 occurs at least twice in the micronuclear copy, once after h i and once before h i + 1 .
We denote by m k an internal sequence that is deleted; m k does not occur in the final sequence. Thus, since unscrambling leaves one copy of each x i,i + 1 between h i and h i + 1 , an IES is non-deterministically either m k x i,i + 1 or x i,i + 1 m k , depending on which guiding sequence x i,i + 1 is eliminated. Similarly an MDS is technically either h i x i,i + 1 or x i − 1,i h i . For the purposes of this model, either choice is equivalent.
On a technical note, removal of simple (nonscrambled) IES's in Euplotes leaves extra sequences (including a duplication of x ij ) at the junctions between m k 's in the resulting nonprotein-coding products. This may result when the x ij values are as short as two nucleotides (Klobutcher et al., 1993) . It is unknown whether unscrambling also introduces extra sequences, since it uses considerably longer x ij values on average. However, since the extra sequences have always been found at junctions between m k values, this would not affect our unscrambling model.
The following example models unscrambling of a micronuclear gene that contains MDSs in the scrambled order 2-4-1-3: In effect, the above examples show that, as the input strand is always linear, albeit scrambled, the intermediate steps will generally produce at most one linear strand as output (apart from telomere addition or other mechanisms that may lead to chromosome breakage or fragmentation). Indeed, in the most basic case, the output of an operation that has only one linear strand as input can never be two linear strands. Consequently, the process involves only iterative application of op1 and op1 . Formally, op2 can only occur after the telomere addition phase (the last step) which we do not define as a separate operation in our model. This does not reduce the generality of the model, as telomere addition happens only once at the end of the process.
Note that, once we assume that the cell has 'decided' which are the h i , x i,i + 1 and m i values, the process that follows is simply sorting, requiring O(n) steps (possibly fewer than n if some of the recombination events take place simultaneously).
However, this 'decision' process, the details of which are still unknown, amounts to finding the correct 'path' linking the pieces of protein-codingregions in the correct order. Indeed, the occurrence of h i x i,i + 1 and x i,i + 1 h i + 1 in the micronuclear sequence provides the link between h i and h i + 1 , to indicate that they belong next to each other in the macronuclear sequence. The junction sequences x i,i + 1 thus serve the role of the 'edge' sequences in Adleman's graph.
A computational difficulty is the presence of multiple copies of the sequences x i,i + 1 (Table 1) which may direct the formation of incorrect 'paths'. Indeed, throughout the genome, such simple sequences may be present in extremely high redundancy. Some of the x i,i + 1 even overlap with each other. For example, in Table 1 , x 24,25 = GAGAGATAGA contains x 1,2 = AGATA as a subsequence.
The search for the proper junction sequences thus amounts to finding the correct 'path' and is potentially the most costly part of the computation. Production of incorrect paths will not necessarily lead to the production of incorrect proteins unless the path sequences start and end with the correct telomere addition sites (~s and~e), since these ensure survival of the genes in the macronucleus. Fig. 7 . RNA editing. Comparison of an RNA sequence encoding H. mariadeanei COIII with its corresponding region of the mitochondrial DNA . DNA sequences in upper case; uridines in mRNA that are added by RNA editing in lower case (boldface); two encoded thymidines deleted from the mRNA indicated by asterisks. Fig. 8 . Editing produces and fixes frameshift mutations. Frameshifted nucleotides are in boldface. Hsa, H. samuelpessoai; Hme, H. megaseliae; Hmm, H. muscarum muscarum; Hma, H. mariadeanei ; Tb, T. brucei (Feagin et al., 1988) . DNA sequences in upper case; uridines in mRNA that are added by RNA editing in lower case; encoded thymidines deleted from the mRNA indicated by asterisks.
RNA editing
RNA editing presents another cellular paradigm for 'biological software'. Driven by small guide RNA sequences, RNA editing also uses sequence pairing, or 'hybridization logic', to convert seemingly disordered sequences into functional coding sequences (Smith, 1996) . Together RNA editing and gene unscrambling provide an array of potentially usable paradigms for writing and rewriting DNA.
RNA editing is the modification of RNA sequences by insertion, deletion, or substitution of bases. At the same time, formal models of contextual insertions/deletions or substitutions have proved that such operations are a powerful computational paradigm with Universal Turing Machine power (Beaver, 1996; Kari and Thierrin, 1996) . Found in a wide variety of eukaryotes, ranging from parasitic protozoa to humans, this remarkable process alters the sequence of messenger RNA molecules before translation into protein such that the resulting protein sequence often differs dramatically from the original gene sequence, which sometimes does not encode a protein at all. For example, in Trypanosoma brucei, RNA editing by addition and deletion of literally hundreds of uridine residues creates initiation and termination codons, alters the structural features of transcripts, and creates over 90% of the amino-acid codons . The main features of RNA editing are recognized by differences between RNA and genomic DNA sequences. Fig. 7 illustrates an extreme example of RNA editing of the mitochondrial cytochrome oxidase subunit III (COIII) transcript in Herpetomonas mariadeanei. 91% of the 288 amino acid codons in T. brucei (Feagin et al., 1988) and Herpetomonas are created by editing, with this effect restricted only to uridines (Fig. 7) . The other bases-A, C and G-are completely conserved between the DNA and the RNA sequence.
The edited proteins also have a fast molecular clock, which accumulates amino acid substitutions at least twice as fast as the unedited versions. This is due to frameshift mutations that are Fig. 9 . Pairing between a guide RNA (top) and edited mRNA (bottom). Lowercase u are added by editing. u are edited by base pairing to lowercase a and g in this gRNA (Maslov and Simpson, 1992) . introduced by fixed changes in the number and position of U's inserted or deleted by editing and then compensated by editing at another site that restores the reading frame (Fig. 8) . Editing therefore allows the production of combinatorially diverse protein products from a single gene, either within an individual cell (Sommer et al., 1991) or over evolutionary time . The surprising result that RNA editing provides an additional level of sequence variation, rather than a faithful 'editing' or correcting mechanism, underscores the importance of the question of why is it still used by some organisms to generate a sequence that encodes a single conserved protein (Landweber and Gilbert, 1994) .
The genetic information for editing is stored in the form of 'guide' RNA molecules (gRNAs), very small (50-70 nt) transcripts that mediate editing by base-pairing with specific regions of the edited transcript, exploiting G:U base-pairs in RNA (Blum et al., 1990) . Each gRNA contains the sequence information to edit approximately 30 nt of edited RNA and pairs more efficiently with the final product than with the pre-edited substrate. For every inserted U in the messenger RNA sequence, there is a corresponding A or G in the gRNA which pairs with the fully edited product (Fig. 9) . Complete editing proceeds 3% to 5% on the mRNA and requires a full set of overlapping guide RNAs. Editing by each guide RNA creates an anchor sequence for binding the next guide RNA (Fig.  10 , Blum et al., 1990; Maslov and Simpson, 1992) leading to an ordered cascade of insertion and deletion editing events. RNA editing is thus a cellular process which uses RNA sequences as guides to convert seemingly disordered RNA sequences into a final messenger RNA molecule: a truly RNA-based computer. Together, the stunning acrobatics of DNA, such as scrambling or editing, give proof to the versatility of nucleic acids and their potential use in solving computational problems that occur in biological systems.
